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39 flanking sequences, including a cryptic 59 SS and 39David Tollervey*‡ and Javier F. Caceres†
SS which may define a pseudo-exon and promote use*Wellcome Trust Centre for Cell Biology
of the RP as a 39 SS. Large introns in both DrosophilaICMB
and humans contain multiple predicted RPs, spacedUniversity of Edinburgh
around 10 to 12 kb apart. Analysis of seven such poten-King’s Buildings
tial RPs in three Drosophila genes demonstrated theEdinburgh EH9 3JR
existence of the predicted ratcheting intermediates, withScotland
no detectable exon products (A. J. L.).†MRC Human Genetics Unit
For around 30% of human genes, alternative splicingWestern General Hospital
generates different forms of the mRNA and functionallyCrewe Road
different proteins. This is accomplished by modulationEdinburgh EH4 2XU
of the basic splicing mechanism, frequently involving
changes in the relative activities of antagonistic factors.
Key players are the SR protein family. These consist ofIntroduction
one or two RNA-recognition motifs (RRMs) plus a C-ter-The regulation of gene expression is one of the key
minal, arginine-serine rich (RS) domain, reversible phos-activities in all organisms; however, the extent to which
phorylation of which regulates their activity. SR proteinsthis regulation occurs at the posttranscriptional level
show functional redundancy in constitutive splicing buthas only recently been appreciated. Activities as diverse
have unique functions in regulating alternative splicing.as tissue-specific gene expression, sex determination,
Consistent with this dual function, Javier Ca´ceres (MRC,apoptosis, maturation of the immune response, and
Edinburgh) reported that the SR protein CeSF2/ASF islearning, among many others are regulated by RNA
essential in C. elegans; whereas RNAi of other SR genesprocessing, often in tissue- and developmentally spe-
resulted in no obvious phenotype (Longman et al., 2000).cific patterns, and are regulated by a variety of signaling
The activity of SR proteins in alternative splicing ispathways. Some of these topics were explored during
antagonized by members of the hnRNP A/B family ofa meeting held at the Juan March Foundation in Madrid
nuclear pre-mRNA binding proteins. Stress inducesfrom 2 to 4 October 2000, entitled “Regulation of Mes-
hnRNP A1 phosphorylation by a p38-MAP kinase path-senger RNA Processing.”
way (van der Houven van Oordt et al., 2000) and relocal-
ization to the cytoplasm. The decrease in the nuclearChoosing the Site
hnRNP A1 to SR protein ratio influences alternativeIn metazoans, the synthesis of most mRNAs requires
splice site selection. Thus, signal transduction pathwaysthe removal of intervening sequences, or introns, from
can control alternative splicing regulation by affectingthe pre-mRNA by the process of splicing. Splicing oc-
the subcellular localization of splicing factors.curs within a large macromolecular complex, the
Go¨ran Akusja¨rvi (Uppsala U.) reported that adenovirusspliceosome, which contains the U1, U2, and U4/5/6
also modulates SR protein phosphorylation to regulatesmall nuclear ribonucleoprotein particles (snRNPs), to-
alternative splicing. Early in infection, phosphorylatedgether with many other splicing factors.
SF2/ASF binds to an intronic purine-rich sequence inMetazoan genes typically contain short exons sepa-
the adenovirus major late transcript and inhibits splicingrated by introns that can be kilobases or megabases in
at the distal 39 splice site IIIa. Late in infection, the virallength. Drosophila Dhc7 contains a 3.6 Mb intron, which
protein E4-ORF4 binds the SR proteins SF2/ASF and
takes three days to transcribe—longer than the duration
SRp30c and recruits protein phosphatase PP2A, in-
of the meeting! A long-standing mystery is how the splic-
ducing dephosphorylation of the SR proteins. These are
ing machinery finds the correct splice sites in introns functionally inactivated as splicing repressors, altering
that contain many cryptic sites, particularly when these viral gene expression.
are transcribed long before the correct site. A. Javier During spliceosome assembly the U1 snRNP binds
Lopez (Carnegie Mellon U.) reported that this problem the 59 SS, while SF1/BBP binds to the intron branch
is circumvented by the removal of smaller subfragments point and the 65 and 35 kDa subunits of U2AF bind the
of the introns as they are transcribed. In the process of polypyrimidine tract and the 39 SS, respectively (dis-
recursive splicing, an internal element functions initially cussed by Angela Kra¨mer, U. Geneva). Phosphorylation-
as a 39 splice site (39 SS) but regenerates the 59 splice sensitive interactions between the RS domains of SR
site (59 SS) when joined to the upstream exon (see Figure proteins and other splicing factors including U2AF65
1A). Recursive splice sites can be part of alternatively and U1-70K play key roles in the cooperative assembly
spliced cassette exons or they can be nonexonic ratch- of these factors. Phosphorylation of SF1 by the cGMP-
eting points (RPs). The regenerated splice site can then dependent protein kinase-I (PKG-I) regulates its interac-
be spliced again as the next RP is transcribed, sup- tion with U2AF65 (Wang et al., 1999). In Drosophila and
pressing the use of other potential splice sites (see Fig- C. elegans, SF1 carries an N-terminal RS domain not
ure 1B) (Hatton et al., 1998). The RPs show distinctive present in yeast or humans (Mazroui et al., 1999). This
interacts with the RS domains of SF2/ASF and U1-70K,
and these interactions are differentially affected by‡ To whom correspondence should be addressed (e-mail: d.tollervey@
ed.ac.uk). phosphorylation of SF1.
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culture, leads to a loss of TM exon 3 skipping which
correlated, not with a change in PTB isoforms, but with
the decrease in a novel PTB homolog (C. S.). This protein
is distinct from the neuron-enriched PTB homolog,
nPTB, which is required for the inclusion of the N1 exon
in the c-src mRNA in neurons (Markovtsov et al., 2000).
nPTB has greater affinity for a downstream splicing con-
trol sequence than does PTB, apparently allowing nPTB
to suppress PTB-mediated splicing repression. In con-
trast, the SM-enriched PTB homolog is predicted to act
as a better repressor.
Most proteins involved in splicing regulation exist as
different isoforms, and many are members of families
of related proteins. These and other reports show that
these can have very different effects on regulated
splicing.
The Drosophila P element transposon encodes a
transposase that is expressed only in the germline, due
to regulated splicing of the third intron (IVS3). In somatic
cells, hrp48 (a homolog of hnRNP A1) and the P element
somatic inhibitor (PSI) protein bind to a pseudo-59 SS
(F2) within the 59 exon flanking IVS3, and recruit the U1
snRNP to an inactive cryptic site (F1). The binding of
U1 to the exon prevents its interaction with the authentic
59 splice site, leading to splicing inhibition. Ectopic ex-
pression of PSI in the female germline reduces IVS3
splicing, indicating that its abundance is limiting (Adams
et al., 1997). Don Rio (U.C. Berkeley) reported a structural
Figure 1. Recursive Splicing analysis of PSI, which contains four KH-type RNA bind-
(A) Regeneration of 59 splice sites by recursive splicing signals. ing domains and two C-terminal glutamine-rich repeats
The 59 and 39 splice site consensus sequences in Drosophila and (A and B motifs). The A and B motifs interact with the
mammals are overlined; M 5 A or C; R 5 A or G. RS domain of the U1-70K protein and are probably re-
(B) Intron ratcheting by recursive splicing. (Top) If an intron is re- sponsible for U1 recruitment. Overexpression of PSI
moved in a single step, no processing can take place until it is
early in development leads to embryonic lethality thattranscribed completely, which can take hours to days for large in-
is dependent on the presence of the A/B motifs. Con-trons. (Bottom) Recursive splicing allows smaller subfragments to
versely, flies expressing only PSI lacking the A/B motifsbe removed as soon as they are transcribed. (Figure provided by
A. Javier Lopez.) showed reduced viability and developmental defects
(male sterility). PSI is homologous to a family of human
proteins including FBP-1, FBP-3, and the splicing regu-
Chris Smith (Cambridge U.) discussed the smooth lator KSRP, which participates along with nPTB in the
muscle-specific splicing of a-tropomyosin (TM) and neuron-specific splicing of c-src (Markovtsov et al.,
a-actinin. These are regulated by the polypyrimidine 2000; see above). Together these data indicate that the
tract binding protein (PTB) and members of the CUG interaction between PSI and U1-70K also regulates
repeat binding protein (CUG-BP) family. Previous analy- other alternative splicing events.
ses have concluded that PTB generally acts as a splicing Another Drosophila splicing regulator, Sex-lethal
repressor (i.e., induces exon skipping) by competing (SXL), was discussed by Juan Valca´rcel (EMBL, Heidel-
with U2AF65 for polypyrimidine tract binding. However, berg). SXL is produced exclusively in female flies, binds
PTB exists in three alternatively spliced isoforms, 1, 2, to U-rich sequences, and induces female-specific pat-
and 4, and most analyses have used only PTB1. Surpris- terns of alternative splicing on at least three target
ingly, overexpression of PTB1 in smooth muscle cells genes: transformer (tra), male-specific-lethal 2 (msl-2),
actually increased inclusion of the strong default TM and its own gene. Splicing inhibition of the msl-2 gene
exon 3, which is repressed in muscle cells, whereas in female flies inactivates the process of X chromosome
PTB2 and PTB4 enhanced skipping. This is gene spe- dosage compensation. The msl-2 59 SS has an atypical
cific, since all PTB isoforms repress exon inclusion in sequence and is flanked by a stretch of 11 uridines. U1
a-actinin. However, CUG-BP and the related protein snRNP recruitment to this atypical 59 SS is promoted
Etr-3, had opposite effects on the splicing of mutually by the binding of TIA-1 to the poly(U) sequence (Forch
exclusive actinin exons. et al., 2000) whereas binding of SXL to the poly(U) tract
Alternative splicing of fibroblast growth factor recep- displaces TIA-1 and causes intron retention.
tor 2 (FGFR-2) exons IIIb and IIIc also involves repression TIA-1 was previously shown to promote apoptosis,
by PTB. As described by M. Garcia Blanco (Duke U.) an and the 59 SS of msl-2 is similar to the 59 SS of intron
intronic repressor element upstream of exon IIIb binds 5 in the Fas receptor pre-mRNA. Alternative splicing of
PTB, but all PTB isoforms were equally capable of re- Fas can generate either a membrane-bound apoptotic
pressing exon IIIb inclusion (Carstens et al., 2000). receptor, by inclusion of exon 6, or a soluble inhibitor
of apoptosis, by exon 6 skipping. Ablation of TIA-1, orDedifferentiation of rat aorta smooth muscle cells in
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deletion of the poly(U) tract adjacent to the 59 SS, leads tive 39 SS can generate two ADAR-2 transcripts. The
distal site generates the ADAR-2 mRNA, while the proxi-to skipping of the downstream exon 6, while TIA-1 over-
expression increases exon 6 inclusion. Mammalian mal site produces a transcript that is 47 nt longer and
can generate the functional protein only very inefficientlyTIA-1 also binds a U-rich sequence adjacent to a regu-
lated splice site in the FGFR-2 pre-mRNA (see above), by internal ribosome entry. In the genomic sequence
the distal 39 SS has a consensus PyAG sequence, whilestimulating its use (Del Gatto-Konczak et al., 2000).
Oscar Puig (EMBL) reported that the S. cerevisiae the proximal site has a PyAA sequence which would not
normally function as a splice site. However, the editinghomolog of TIA-1, Nam8p, is a component of the U1
snRNP. Like TAI-1, Nam8p contacts sequences 39 to activity of ADAR-2 converts this AA to an AI sequence,
which functions in splicing, leading to the production ofthe splice site, enhancing U1 binding to weak splice
sites, and is required for meiosis-specific splicing of an inefficiently translated mRNA (Rueter et al., 1999).
The existence of this auto-editing feedback loop sug-the MER2 gene (Puig et al., 1999). This suggests the
evolutionary conservation of a regulatory mechanism gests that the level of ADAR-2 is tightly controlled. Nota-
bly, the Drosophila homolog dADAR also edits its owncontrolling processes as diverse as meiosis in yeast,
dosage compensation in Drosophila, and apoptosis in mRNA, in this case changing a highly conserved amino
acid in the catalytic domain (Palladino et al., 2000), pre-humans.
sumably with consequences for the function of the
enzyme.Changing the Message
Overexpression of the ADAR-2 cDNA in transgenicSeveral talks dealt with RNA editing, a term used to
mice (R. B. E.) leads to obesity, probably due to overeat-describe a diverse set of reactions including both nucle-
ing, together with defects in liver development. Editingotide base modifications and the insertion and deletion
substrates are generally brain-specific and most encodeof entire nucleotides.
subunits of glutamate receptors (GluRs) that mediateKenneth Stuart (U. Washington) described the large
fast excitatory neurotransmission. The eating disordercomplex responsible for developmentally regulated
may therefore be directly attributable to changes in be-mRNA editing in protozoan kinetoplasts (mitochondria).
havior caused by increased editing.As in other RNA processing events, high specificity of
uracil insertion and deletion is achieved by the combina-
Killing the Messengertion of many steps, which individually have only modest
Evidence was presented that the degradation of nuclearspecificity. The most purified fraction contained all of
pre-mRNA is regulated in yeast (David Tollervey, U. Ed-the editing activities and 20 major proteins; 15 were
inburgh). Unspliced pre-mRNAs are degraded in a 59 toidentified and included an RNA helicase, an RNA ligase,
39 direction by an exonuclease called Rat1p, and 39 toand 11 novel proteins. In a very different mechanism,
59 by a complex of exonucleases called the exosomemRNAs of negative strand viruses undergo cotranscrip-
(Bousquet-Antonelli et al., 2000). Pre-mRNA degrada-tional editing, probably via polymerase stuttering (Martin
tion competes with productive mRNA splicing, andA. Billeter, U. Zurich and Daniel Kolakofsky, U. Geneva).
therefore normally acts to reduce levels of pre-mRNAsIn human cells, both C!U and A! I editing of pre-
and mRNAs. 39 degradation is predominant and is acti-mRNAs occurs, frequently resulting in large changes in
vated when extracellular glucose is available and energythe function of the encoded protein. C!U editing is
is abundant. Both Rat1p and the exosome function incommon in plant mitochondria and chloroplasts, but
the processing of several stable RNA species, but thesewas first identified in humans in the apolipoprotein B
“housekeeping” activities are not subject to regulationpre-mRNA. This reaction is catalyzed by APOBEC-1,
by carbon source. As seen for other steps in mRNAa tissue-specific member of a large family of cytosine
processing, the cell appears to have adapted a preex-deaminases that function on diverse substrates includ-
isting “constitutive” RNA processing system to a newing monomeric nucleotides, tRNA, and rRNAs. Database
function in the regulation of gene expression.searches identified multiple sequences related to APO-
BEC-1 in the human genome (James Scott, Imperial
College School of Medicine), including a cluster of seven Getting It out
Following processing, mRNAs must be exported to thegenes on chromosome 22. Several of these show tissue-
specific expression, including high-level expression in cytoplasm. However, specific mechanisms block the ex-
port of incompletely spliced pre-mRNAs, which must betumor-derived cell lines, suggesting that APOBEC-like
proteins can act as oncogenes (J. S.). Notably, editing overcome by retroviruses that require the production of
partially or fully unspliced messages. HIV-1 encodes theof the mRNA for the tumor suppressor NF1 is associated
with carcinomas, but does not appear to be carried out Rev protein, which binds viral RNAs that contain a Rev-
response element and recruits the export factor Crm1/by APOBEC-1 (Skuse et al., 1996). Another APOBEC-
like cytidine deaminase, AID (Activation-Induced cyti- Xpo1. In other retroviruses, such as the Mason-Pfizer
monkey virus (MPMV), the constitutive transport ele-dine Deaminase), plays a crucial role during the gen-
eration of the antibody repertoire in B-lymphocytes ment (CTE) in the viral RNA directly binds the host cell
TAP protein (Bryan Cullen, Duke U.) (Gruter et al., 1998;(Muramatsu et al., 2000; Revy et al., 2000).
Human A!I editing is catalyzed by the adenine deami- Kang et al., 2000). TAP (Mex67p in yeast) mediates the
nuclear export of many yeast mRNAs (Hurt et al., 2000).nases ADAR-1 to ADAR-3, which are probably derived
from ancestral tRNA modifying enzymes. Expression of This does not require the GTPase Ran, which confers
directionality on the activity of most nuclear/cyto-rat ADAR-2 involves an unusual form of autoregulation
(Ronald B. Emeson, Vanderbilt U.). The use of an alterna- plasmic transport factors, including Crm1p/Xpo1p. In
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yeast, Mtr2p probably mediates the interaction of
Mex67p with the nuclear pore complex (Strasser et al.,
2000). Human p15, which is functionally homologous to
Mtr2p but unrelated in sequence, binds to TAP and may
provide the same function (B. C.).
TAP and Mex67p bind to host mRNAs, but probably
with low sequence specificity and with low affinity in
the absence of cofactors, including Aly/REF (Yra1p in
yeast) (Stutz et al., 2000). Aly is recruited to the mRNA
at a late step during pre-mRNA splicing, and is proposed
to recruit TAP (Zhou et al., 2000). At least in some cases,
mRNAs that have been produced by splicing are ex-
ported more rapidly than identical mRNAs synthesized
from cDNAs. Direct recruitment of TAP by the retroviral
CTE bypasses this requirement, promoting export of
unspliced viral RNAs.
A variation is seen in herpes simplex virus type 1
(HSV-1). The viral ICP27 protein inhibits host cell splicing
in the absence of other HSV proteins (Peter Kreivi, Upp-
sala U.), probably via its interaction with the splicing
factor SAP145 (J. Barklie Clements, U. Glasgow). ICP27
also binds to Aly and may thereby recruit TAP to viral
mRNAs and promote their export, since this is inhibited
by the free CTD (J. B. C.). It is not clear whether Aly/
REF family members are the only adaptors between
mRNA and TAP. Another protein that is preferentially
recruited to mRNAs generated by splicing is the RNA Figure 2. Schematic Representation of the Mammalian and Yeast
binding protein Y14, which is present both in nuclear Pre-mRNA Cleavage Complexes
hnRNP complexes that also contain TAP and in newly The factors are abbreviated as follows: CPSF 5 cleavage and poly-
exported mRNPs (Kataoka et al., 2000). adenylation specificity factor; CstF 5 cleavage stimulation factor;
CF Im 5 cleavage factor Im; CF IIm 5 cleavage factor IIm; CPF 5In metazoa, spliceosomal snRNA precursors are ex-
cleavage and polyadenylation factor; CF IA 5 cleavage factor IA;ported to the cytoplasm. U snRNA export requires an
CF IB 5 cleavage factor IB. With the exception of CstF, the arrange-interaction between the nuclear cap binding complex
ment of the subunits within the different factors is not known. Homol-
(CBC), bound to the RNA cap structure, and the export ogous subunits are shown in the same color. Subunits for which no
receptor CRM1/Xpo1 bound to RanGTP. However, Iain homologs have been identified are in white. Double-headed arrows
Mattaj (EMBL, Heidelberg) reported that these compo- represent protein–protein contacts. (Figure provided by Walter Kel-
ler and Bernhard Dichtl.)nents are insufficient to support U snRNA export, which
requires an additional factor, PHAX (phosphorylated
adaptor for RNA export). In the nucleus, phosphorylated
where splicing factors are stored and/or reassembledPHAX associates with the export complex and is then
prior to recruitment to sites of active transcription andexported with RNA. In the cytoplasm, dephosphoryla-
processing (A. I. L.). These results suggest a pathwaytion of PHAX promotes its dissociation from the export
of snRNP maturation that involves movement throughcomplex (Ohno et al., 2000). However, efficient disas-
CBs and the nucleolus. It seems very probable thatsembly of the export complex requires additional fac-
snRNA modification and late assembly occurs in thetors; RanBP1 and Ran GAP act together to promote
CBs. The protein complexity of purified nucleoli—moreGTP hydrolysis by Ran, causing its release from Crm1/
than 200 nucleolar proteins have been identified toXpo1, and the binding of the import factors importin a
date—suggests that further nucleolar activities still re-and importin b to the CBC causes its release from the
main to be identified (A. I. L.).cap structure (I. M.). The compartmentalized PHAX
phosphorylation cycle therefore acts together with the
Getting Things Right in the EndRan cycle to ensure the directionality of transport, and
The 39 ends of most eukaryotic mRNAs are generatedsimilar mechanisms are likely to operate in mRNA
by an endonucleolytic cleavage, followed by addition ofexport.
a terminal poly(A) tract. In yeast, 15 essential proteinsIn the cytoplasm, the U-snRNAs associate with a set
that make up the core cleavage and polyadenylationof core “Sm” proteins, before being reimported into the
machinery have all now been cloned and characterizednucleus. The newly synthesized snRNPs do not, how-
(reported by Walter Keller, Biozentrum, Basel). Similarly,ever, immediately localize to sites of active splicing.
with the recent purification of human CFIIAm most of theAngus I. Lamond (U. Dundee) reported that newly as-
essential human components have probably also beensembled, GFP-tagged core snRNP proteins are initially
identified. A combination of genetics and biochemistryobserved in structures called Cajal bodies or coiled bod-
has revealed strong overall similarities in the processingies (CBs) and then in nucleoli, the site of ribosome syn-
factors between yeast and humans (W. K.) (Figure 2). Thethesis (Sleeman and Lamond, 1999). Finally the snRNPs
mechanism of poly(A) length control remains elusive,concentrate in nuclear speckles or interchromatin gran-
ule clusters (IGCs), which probably function as sites however (Elmar Wahle, U. Halle).
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As well as interactions with the splicing machinery
and the RNA polymerase, evidence was presented for
the interaction of the pre-mRNA 39 processing machin-
ery with DNA repair systems. Purification of the human
cleavage factor IIAm complex identified hMre11p (de
Vries et al., 2000), a 39!59 exonuclease implicated in
DNA double-strand break repair and cell cycle check-
point control. CFIIAm was also associated with compo-
nents of TFIIH, BTF2p52 and XPB, which function in
the nucleotide excision repair (NER) response to DNA
Figure 3. Pre-mRNA Splicing, 39 Processing and Transcription Ter- damage (Chang and Kornberg, 2000; Schultz et al.,
mination Are Coupled and Synergistic Reactions 2000).
In a different approach, a screen for proteins that
interact with CstF50 identified BARD1 (J. M.). BARD1,Biochemical data, supported by EM analyses of na-
(BRCA1-associated ring domain protein) is complexedscent transcripts, indicate that the cleavage of the pre-
with BRCA1, and the association of BARD1-BRCA1 withmRNA takes place in association with the RNA polymer-
CstF50 inhibits in vitro cleavage and polyadenylationase (Osheim et al., 1999) (discussed by Nick Proudfoot,
(Kleiman and Manley, 1999). BRCA1 is a tumor suppres-U. Oxford). Transcription termination is strongly depen-
sor implicated in both transcriptional regulation anddent upon the presence of an upstream polyadenylation
DNA damage repair. Supporting the physiological signif-site. In yeast, this requires processing factors that bind
icance of these interactions, DNA damage leads to tran-the C-terminal domain (CTD) of the pol II large subunit,
sient inhibition of in vitro pre-mRNA cleavage in cellPcf11p, Rna14p, and Rna15p. Moreover, the mammalian
extracts (J. M.). The timing of inhibition correlates withCTD is required for in vitro 39 processing. These data
phosphorylation of BRCA1, its relocalization to pre-indicate that termination and 39 processing are both
sumed sites of DNA damage and increased associationcoupled and synergistic. Termination additionally re-
of BARD1 and BRCA1 with CstF. Moreover, the inhibi-quires the presence of a transcriptional pause site in
tion of in vitro cleavage is relieved by anti-BARD1 anti-the DNA (Yonaha and Proudfoot, 2000), which may allow
bodies or purified CstF. A germline mutation in BARD1time for interaction of the CTD-associated processing
(Gln564His), that has been associated with several car-factors with the pre-mRNA. 39 processing and termina-
cinomas, lies in the CstF50 interaction domain. Thetion is strongly promoted by an upstream intron (Dye
mutation reduced in vitro binding between BARD1 andand Proudfoot, 1999) and the splicing machinery can
CstF50, and relieved the inhibitory effect of BARD1 onalso interact with the CTD of pol II. The processes of
pre-mRNA cleavage.terminal exon definition, 39 cleavage, and transcription
Together, these data suggest that the pre-mRNA 39termination may all be occurring simultaneously on the
processing machinery interacts with several differentstalled RNA polymerase molecule (Figure 3).
DNA repair systems. The in vivo function of these inter-Truncation of the conserved C-terminal domain of the
actions may be to inhibit the cleavage and polyadenyla-CstF64/Rna15p homolog in Schizosaccharomyces pombe
tion of pre-mRNAs on polymerase molecules that arereduced transcription termination (N. P.). A two-hybrid
stalled at sites of DNA repair.screen for proteins that interact with this region identi-
fied Res2p, a transcription factor involved in transcrip-
tional activation at G1/S during the cell cycle. Mutation Regulation of Translation and Cytoplasmic
Polyadenylationof Res2p, or its S. cerevisiae homolog Mpb1p, inhibited
transcription termination. James Manley (Columbia U.) Mature mRNAs are also regulated in the cytoplasm.
Marv Wickens (U. Wisconsin) described a network of 39described a similar two-hybrid screen, using the C-ter-
minal region of human CstF64, which identified another UTR binding proteins that regulate germline fate and
development in the nematode C. elegans (Figure 4). Intranscription factor, PC4 (Positive Cofactor 4). In S. cere-
visiae, the transcription termination defect of rna15-1 hermaphrodite worms, germline cell fate decisions cru-
cially depend on FEM-3 protein, which promotes spermmutants is suppressed by deletion of the PC4 homolog
Sub1p/Tsp1p, indicating that Sub1p, and presumably production and represses oocytes. FEM-3 is regulated
by the binding of the FBF and NOS-3 proteins to anPC4, function as antiterminators (J. M.). Together these
data suggest a synergistic interaction between the C element in its 39 UTR (M. W.). This is thought to repress
polyadenylation and translation, since mutant fem-3terminus of CstF64/Rna15p, the CTD of polII, and tran-
scription (termination) factors that promote the coupled mRNA that is unable to bind FBF/NOS-3 has longer
poly(A) tails. In Drosophila, the FBF homolog, Pumilio,reactions of polyadenylation and termination (Figure 3).
The S. pombe antitermination suppressor screen also binds to the 39 UTR of the mRNA encoding a transcrip-
tion factor, Hunchback. This recruits the NOS-3 homo-identified chromatin remodeling factors (N. P.). The DNA
template will be packaged in chromatin, which must log, Nanos, which represses translation (Sonoda and
Wharton, 1999).be displaced by remodeling factors that are probably
associated with the transcribing polymerases. A reduc- C. elegans has ten homologs of Pumilio/FBF (collec-
tively termed the PUF protein family) and three Nanostion or alteration in the chromatin remodeling activity of
the polymerase, due to changes in the associated 39 homologs. In two-hybrid assays, NOS-1 and NOS-2
each bind to three PUF proteins (PUF-6, -7 and -10).processing factors, might therefore contribute to paus-
ing and/or termination. These presumed complexes show partial functional re-
Cell
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common factors control translation in the germline and
the brain. The mRNA encoding a protein kinase that
modulates synaptic efficiency (aCaMKII) undergoes reg-
ulated polyadenylation in rat brains, and is bound and
regulated by CPEB when expressed in Xenopus oocytes
(Wu et al., 1998). Long-term changes in synaptic re-
sponses, a key feature in learning, may be associated
with regulated changes in translation of specific mRNAs
(Richter, 2000).
Multiple yeast PUF homologs share the RNA binding
region (M. W.). Translation regulation therefore involves
factors that functioned prior to the advent of multicellu-
lar organisms, and may participate in the control of cell
division in many eukaryotes (M. W.).
Translational regulation is seen in many viruses. Influ-
enza virus NS1 is an RNA binding protein that inhibits
polyadenylation, splicing, and nucleocytoplasmic trans-
port of cellular mRNAs, but specifically enhances the
translation of viral mRNAs. Juan Ortin (National Center
of Biotechnology, Madrid) reported that NS1 binds to
translation initiation factor eIF4GI, and may stimulate
Figure 4. Multiple Roles of Putative 39 Regulators in the C. elegans translation by recruiting eIF4G to the common 59 UTR
Germline of viral mRNAs (Aragon et al., 2000).
Protein families are drawn to suggest their diagnostic RNA binding
domains (eight repeats in PUF proteins; two C/H regions in NOS
Conclusionsproteins; two RRMs and two C/H regions in CPEB homologs). The
role of CPB-1 in late steps in spermatogenesis is inferred, as so is From the work presented it is clear that many forms of
depicted in a lighter shade. (Redrawn from figure by Marv Wickens.) RNA processing affect a huge range of activities. In
developmentally regulated splicing, nuclear pre-mRNA
turnover, cytoplasmic regulation, and polyadenylation,
dundancy with the FBF/NOS-3 complex in regulating the cell appears to have adapted preexisting “constitu-
fem-3 and in protecting germline stem cells from cell tive” mRNA processing systems to new functions in the
death (Figure 4) (Kraemer et al., 1999). In the absence regulation of gene expression. In contrast, the editing
of all three NOS proteins, stem cells initially proliferate enzymes and nuclear pre-mRNA degradation system
normally but then vacuolate and die (Subramaniam and are derived from enzymes that function in basal RNA
Seydoux, 1999). metabolism. In several cases, different functions are
C. elegans also has four homologs of CPEB, another seen for different spliced isoforms or members of related
protein known to bind to 39 UTR elements and regulate gene families. With the completion of genomic sequenc-
translation. Two of these play key roles during spermato- ing projects it is likely that many more examples will be
genesis; FOG-1 is required for stem cells to develop as found.
sperm, while CPB-1 is needed for sperm meiosis, to
generate secondary spermatocytes (Figure 4). In addi- Acknowledgments
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